Sequences of cloned resistance genes from a wide range of plant taxa reveal significant similarities in sequence homology and structural motifs. This is observed among genes conferring resistance to viral, bacterial, and fungal pathogens. In this study, oligonucleotide primers designed for conserved sequences from coding regions of disease resistance genes N (tobacco), RPS2 (Arabidopsis) and L6 (flax) were used to amplify related sequences from soybean [Glycine max (L.) Merr.]. Sequencing of amplification products indicated that at least nine classes of resistance gene analogs (RGAs) were detected. Genetic mapping of members of these classes located them to eight different linkage groups. Several RGA loci mapped near known resistance genes. A bacterial artificial chromosome library of soybean DNA was screened using primers and probes specific for eight RGA classes and clones were identified containing sequences unique to seven classes. Individual bacterial artificial chromosomes contained 2-10 members of single RGA classes. Clustering and sequence similarity of members of RGA classes suggests a common process in their evolution. Our data indicate that it may be possible to use sequence homologies from conserved motifs of cloned resistance genes to identify candidate resistance loci from widely diverse plant taxa.
The sequences of cloned plant disease resistance genes show that the majority, whether conferring resistance to viral, bacterial, or fungal pathogens, contain similar sequences and structural motifs. The Arabidopsis genes, RPS2 (1, 2) and RPM1 (3) , conferring resistance to the bacterial blight pathogen Pseudomonas syringae, the tobacco gene N (4, 5) , conferring resistance to tobacco mosaic virus, the rice gene Xa2l (6) , conferring resistance to Xanthomonas oryzae, the flax gene L6 (7) , conferring resistance to a rust fungus, and the tomato gene Cf-9 (8) , conferring resistance to the fungal pathogen Clasdoporium fulvum, all contain leucine-rich repeats that encode protein motifs often associated with protein-protein interactions or ligand binding (9) . Motifs for a conserved nucleotide binding site are also found in the RPS2, RPM], N, and L6 coding region. It has been proposed that the similarities among resistance genes may make it possible to take advantage of sequence homologies to identify other resistance genes (10) . Southern hybridization with a clone from the Pto locus of tomato to genomic DNA of six dicotyledonous and five monocotyledonous species detected homologs in all species (11) and suggested that gene families of these homologs may exist, similar to that observed in tomato. Similarly, conserved motifs from receptor proteins have been used to identify multigene families of odorant receptors in rat (12) and conserved motifs from regulatory proteins have been used to identify other homeobox proteins in Xenopus (13) .
Although not all resistance genes have been demonstrated to reside in clusters, tight linkage associations of many resistance genes have been well established. Genetic linkage of resistance genes has been reported in maize for the Rpl cluster (14) (15) (16) , in barley for the Mla cluster (17) (18) (19) (20) , in lettuce for a wide range of Dm loci (21, 22) , in oat for the Pc cluster (23) , and in flax for the L gene cluster (24) (25) (26) . Clustering of resistance genes suggests that a common genetic mechanism has been involved in their evolution (16) .
In this paper we demonstrate that the nucleotide conservation observed within disease resistance genes cloned from widely diverse taxa can be used to advantage to isolate sequences with strikingly similar motifs from a species from which no disease resistance genes have yet been cloned. We demonstrate that resistance gene analogs (RGAs) exhibit microclustering in the genome, that clusters of RGAs contain only members of the same family, and that mapping of RGA sequences can place genetic markers in close proximity to known resistance genes.
MATERIALS AND METHODS
Nucleic Acid Manipulations. Soybean genomic DNA was prepared as described in Dellaporta et al. (27) . RNA was prepared according to Sambrook et al. (28) . Electrophoresis, blotting, and hybridization was done using standard techniques (28) . Restriction enzyme digestions were conducted using conditions recommended by the manufacturers.
PCR Amplification, Cloning, Sequence Analysis. Regions of amino acid identity in the N gene from tobacco, the RPS2 gene from Arabidopsis, and the L6 gene from flax were used to design degenerate primers. Primer LM638 was designed from the conserved P-loop sequence. Primer LM637 was designed from a second region of amino acid identity which in the RPS2 protein is proposed to reside in a transmembrane region. Primer sequences were as follows: LM638, 5'-GGIGGIGTIG-GIAAIACIAC-3', and LM637, 5' -A(A/G)IGCTA(A/ G)IGGIA(A/G)ICC-3'. PCR was performed in a total volume of 100 ,ul, with a 3-min initial denaturation step at 94°C followed by 35 *To whom reprint requests should be addressed.
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acid sequences was performed using MEGA version 1.0 (29 BAC Library Construction and Screening. The soybean BAC library was constructed as described (34) from megabasesized DNA isolated from the soybean cultivar Williams 82. The 4-5 genome equivalent library contains -40,000 individually picked clones with an average insert size of 150 kb and it is stored in 384-well microtiter dishes. Three-dimensional BAC pools for PCR screening were set up using entire plates and individual rows or columns from groups of 20 plates. Plasmid DNA was purified from each pool by standard alkaline lysis midiprep technique (28) . Class-specific primers were designed for each RGA class (Table 1) . PCR amplification was done as described above using an annealing temperature of 55°C. Microtiter dishes were replicated onto nylon membranes (ZetaProbe GT; Bio-Rad) and selected membranes were used to confirm results of PCR-based screening.
RESULTS
Cloning and Sequence Analysis. PCR amplification of soybean genomic DNA using degenerate RGA primers resulted in a product that appeared to be a large, single band on a 1% agarose gel. However, digestion of this product with several restriction enzymes recognizing 4-bp sites resulted in many fragments, whose sum was much greater than the molecular weight of the original PCR product. The presence of a heterogeneous PCR product suggested the involvement of a multigene family. These PCR products were cloned and -450 clones were analyzed. The clones were grouped into nine classes which did not cross-hybridize under stringent hybridization conditions [0.1 x standard saline citrate (SSC)/0.1% SDS/60°C wash]. Clones representing each class were hybrid- CTCTCGATTCAAAATATCAT  RGA4  TGTTACTGCTTTGTTTGGTA-TACATCATGTGTTACCTCT  RGA5  TGCTAGAAAAGTCTATGAAG-TCAATCATTTCTTTGCACAA  RGA6 AGCCAAAGCCATCTACAGT-AACTACATTTCTTGCAAGT RGA7
AGTTTATAATT(C/T)(C/G)ATTGCT-CCGAAGCATAAGTTGCTG RGA8 AGCGAGAGTTGTATTTAAG-AGCCACTTTTGACAACTGC Amino acid sequences were aligned and neighbor-joining analysis resulted in the production of a phylogenetic tree with the nine RGA sequences divided into several subclades (Fig.   3 ). (Fig. 4) . The RGA loci mapped both singly and in clusters and were located on several of the linkage groups to which known disease resistance genes have been mapped. A class 6 RGA mapped to linkage group Ni near Rps1 (35) . A large cluster of RGAs representing five of the different classes mapped to linkage group J and encompassed a resistance gene cluster including Rmd, Rps2, and Rj2 (32) composite map shown in Fig. 5 was constructed using the computer program JOINMAP (33) and markers common to both populations. These data indicate that at least two RGAs map within this multigene cluster.
BAC Library Screening. Our initial screen of the BAC library using the original degenerate primers was unsuccessful because the primers also amplified products from DH1OB, the Escherichia coli host used to grow and maintain the library (data not shown). To overcome this obstacle we designed class-specific primers for eight of the RGA classes (Table 1) and identified 50 BACs representing seven classes. Copy number of RGA sequences within each BAC was estimated by digesting the BACs with restriction enzymes that did not have recognition sites within the RGA probe sequences and by hybridizing with each class-specific probe. Fig. 6 demonstrates results for six BACs belonging to classes 1, 2, and 3. Class 1 BACs each contained 3-10 copies of the RGA1 sequence. This agreed with the 8-10 copies expected based on genomic Southern hybridization patterns (data not shown). Genomic Southern blot analyses predicted two to four copies of class 2 RGAs and thus far the class 2 BACs isolated appear to have two to three copies of the class 2 RGA sequence. We identified eight BACs containing class 3 (33) placed two RGAs within this 3.8-centimorgan cluster. This was confirmed by independant mapping of an RGA1 BAC within the population segregating for all three genes. In this population we mapped the BAC within the 1.8-centimorgan region between Rj2 and Rmd (Fig. 5) . This finding demonstrates that mapping of RGA sequences can be beneficial in landing markers tightly linked to known resistance genes and possibly in identifying candidate resistance loci.
The fact that members of tight clusters of resistance genes can confer resistance to different pathogens is not surprising considering that members of the same gene family often maintain only partial redundancy; they retain a shared set of preserved functions but acquire unique specificities (12, 38) . For example, this would allow tightly linked members of the same family to retain structural motifs necessary to function in similar pathways (e.g., disease resistance), while each could respond to unique signals.
Analysis of microclusters of RGAs may have important implications in identifying functional genes for any number of signal-responsive traits. In tomato the Pto gene belongs to a complex locus consisting of a tightly linked cluster of five to seven genes. Pto confers resistance to P. syringae (11) , while the tightly linked homolog, Fen, confers sensitivity to an organophosphate insecticide (39, 40) . Similar examples of related genes that have acquired unique roles can be found among gene families involved in the regulation of floral identity, in the reception of specific light spectra, and in cell differentiation (see ref. 38 ). The clustering of signal-responsive genes suggests that common genetic processes-e.g., unequal crossing-over and gene conversion-have acted upon them during their evolution; although no conserved mechanisms by which these results are obtained has been established (16) .
Genetics: Kanazin et aL
It is unlikely that each member of an evolving gene family will remain functional. Without positive or negative selection acting to retain function of gene copies within a gene family the accumulation of deleterious mutation would quickly result in the silencing of redundant genes (38) . However, within an environment in which a population is continually challenged by a broad range of stressful conditions (e.g., pathogens), it could be possible for a rich repetoire of functionally similar genes responsive to unique signals to develop (see refs. 12 and 41).
Our findings demonstrate that conserved sequences from resistance genes cloned from a diverse range of plant taxa can be used to identify evolutionarily related genes from soybean. These related sequences are distributed throughout the genome, exist in microclusters of gene classes, and are associated with known resistance genes. The identification of candidate resistance genes by restriction fragment length polymorphism mapping using RGA sequences may, however, have limitations. Indeed, it is likely that the silenced pseudogenes, by virtue of accumulation of mutation, will be the source of polymorphisms between genotypes. If this is true, we can predict that it will be these sequences that are mapped. Therefore, genetic mapping of RGA sequences may be more important in landing markers close to resistance genes for subsequent map-based cloning, than for direct identification of resistance genes.
